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ABSTRACT
(Y In a disordered solid, where random excitation energy and donor-
; acceptor separation is expected, low temperature energy transfer between
_3; a high energy excited molecule to a lower energy acceptor might not be
N complete. As a result, the emission profile of the solid at low tempera-
. ture is determined by the energy distribution of the emission of the trapping sites.
A
2 Predictions based on these ideas are used and a fit is made to the 4.2 °K

observed phosphorescent profile of l-bromo, 4-chloronaphthalene, an orien-
(T
fg tationally disordered molecular solid. The theoretical fit to the observed
‘:: emission profile 1s discussed in terms of the possible energy transfer mecha-
i nism(s) in this solid.
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Introduction

The characteristics of phonon #ssisted spectral diffusion in disordered
materials have recently attracted considerable attention; Time resolved
fluorescence line narrowing (TRFLN) studies of spectral diffusion within an in-
homogeneously broadened impurity transition in host glassesl’2 and crystals3
at high temperatures (i.e. kT > I', the inhomogeneous width observed in
absorption) have shown that the narrowed component typically decays preserving
its width while the remainder of the inhomogeneous profile emerges uniformly
and at long times resembles the absorption profile. Recent TRFLN studies of -
the Tl + S0 transition of neat l-bromo, 4~chloronaphthalene (BCN) have shown4
that only éxothermic energy transfer from high to low energy sites 1s observed.
The exothermic nature of the energy transfer in this system is manifested in the
emigsion spectrum which is shifted.to lower energy énd is narrower than the
corresponding absorption spectrum of the same ttansition5 suggesting on1§
emission from the low energy sitea.'

In this letter we present the emission lineshape function for an inhomo-

geneously broadened absorption profile for kT << T K where only exothermic

energy transfer occurs. An interaction radius is defined as the distance between

donor and acceptor where the unimolecular radiative lifetime of the donor and the

energy transfer time are equal.(6) An energetically excited site with no lower

energy sites within the interaction volume is considered trapped and will contribute

to the emission profile. Those sites with lower energy sites within the interaction

volume will transfer the excitation before radiating and will not be observed in

emission. The emission profile in disordered solids at low temperatures will thus
réflectg;gg frequency distribution of the emission of the trapping sites. The results

of this model gshow that as the number of sites contained in the interaction volume in-

creases, the emission profile is shifted to lower energy and the emission width narrows.
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We find that from the emission and absorption profiles, along with the radiative

S

lifetime in the ‘absénce of energy transfer, one can determine the microscopic

B sl
A

energy transfer parameters if the coupling mechanism and dimensionality of the

A

o A

energy transfer are known. The fit to the observed emission profile of the '

Tl -+ So

meter, the number of sites within the interaction volume.

transition of BCN is found to be good with only one adjustable para-

AP

The emission lineshape function

In the model considered here, thé inhomogeneously Broadened absorpticn
spectrum is assumed to be due to a random (uncorrelated) distribution of site
energies. The effects of homogeneous broadenirig are taken to be much smaller
than the absorption or emiséion linewidths and the.oacillétor strength is assumed .
constant across the bénd such that the distribution of site'energies is rgpresented
by the absorption profile. The microscopic transfer rate between sites is taken
to be independen; of the energy of tﬁe sites between which eneréy transfer takes

place, except that onlyﬁexéthgrmic energy transfer is allowed. For temperatures

wvhere kT << T, energy transfer is only possible from high to low energy sites
since transfer from a low energy site to a high energy site requires the pobulation
of phonons which will be small at this temperature. For an excitation at energy

“exc in a single componeht crystal one can describe the acceptor concentration as

the mole fraction of sites having energy v < vexc' Those sites with energy

v > Vexe will correspond to host sites since energy transfer from an excited

site at :
e energy vexc

. to higher energy sites will be negligible at low tempera-

tures.

g

~'!

The decay of an energetically excited donor site in the presence of acceptors

can occur by radiative and nonradiative unimolecular processes or by the donor trans- N
i
ferring its excitation nonradiatively to an acceptor. The radiative and nonradiative b
4
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unimolecular processes are taken to be independent of the nature of the excited
site and to occur with a rate of 1/10, where To is the decay time of the exited
state in the absence of acceptors. In the presence of acceptors the donor may
transfer its energy nonradiatively through either multipolar or exchange inter-
actions. The rate of energy transfer, W(R), can be written a36
W(R) = 1/1(d/R)®, (1)

for multipolar interactions where T is the nearest neighbor transfer time, d is
the nearest neighbor distance, R is the donor-<&cceptor pair distance, an!
s = 6, 8, 10 for dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole
interactions, respectively, and for exchange interactions

W(R) = 1/Texp(y(d-R)), | (2)
where Yy 1s a measure of the dependence of the transfer rate on distance. For
both types of interaction, the transfer rate is strongly dependeht on the donor-

(6)

acceptor distance. One can define an interaction radius, R', as the donor-

acceptor distance for which the energy transfer rate is equal to the unimolecular
decay rate. From eqs. (1) and (2) one finds

‘ Ry = R'/d = (10/1)1/8

(3a)
and
Ry = 1+ 1/vd 1n(t,/7), (3b)
for multipolar and exchange interactions, respectively, where RO is the interaction
radius in units of the 1at£1ce spacing, d. The number of sites'(excluding the one

occupied by the donor) within the interaction volume, n, is given by

n=4/3T R03 -1 - (42)
n=2T"7 R02 -1 "(4b)
ns= 2R0 -1 _ (4c)

for 3-D, 2-D, and 1-D interactions respectively,
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We now consider the steady state excitation of sites on the high energy side

‘of the inhomogeneous profile where the probability of an acceptor site being in

the interaction volume of the initially excited site is near unity. The initial
excitation will thus transfer exothermally with unit probability. The exothermic
energy transfer process continues until a site 1s reached for which no lower energy
acceptors lie within the interaction volume. The excitation is thus trapped and
will then radiate. Assuming that the initial excitation finds these trapped sites
with equal probability, the emission profile will represent the energetic distri-
bution of sites for which no lower energy acceptors lie within the interaction
volume. The distribution of trapped sites can be obtained from calculating, as a
function of v, the product of the probability that a site at energy V has no
lower energy accepters within the interaction volume and the relative number of
sites at emergy V. |

The probability that an energetically excited site has no lower energy
acceptors within the interaction volume given by n is (l-xv)n, where Xy is the
mole fraction of acceptor sites and is dependent on the excitation energy, v, of .
the site for the system considered here. For an inhomogeneously broadened single.
component crystal with a Gaussian absorption profile centered at vmax’ the corres-
ponding emission profile, I(V), is given by

“I(V) = Const. (1 - x)" exp(-1n2((v-v_ ) /D)%), ()

where I' 18 the Gaussian width (hwhm), and
vi<v
x, = I anz/m* / exp (-1n2((v'- v_ )/Mav"  (6)
For an optically active guest species in a spectrally inert host lattice where

the guest species occupy the host lattice sites with probability p, (given by the

overall mole fraction of the guest), equ. 5 holds with x, » xG p, where xG is
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determined from the guest absorption profile using equation 6.

Results
In this section we present our results of the numerical evaluation of equa-

tion 5. The emission lineshapes for several values of n in the range of 10 - 10,000

sites for a single component disordered crystal are displayed in fig. 1, along
with the Gaussian absorption profile. Fig. 1 illustrates that as the interaction
volume gets larger, the emission profile is shifted further to lower energy and

the emission linewidth narrows. These results can be understood with : . i riecal

s .- R
e . .-

model used here. For a particular energetically excited site, the probability of

finding a lower energy acceptor site within the interaction volume grows with the

interaction volume. The distribution of the emission frequency of the trapping sites

is thus shifted to lower energy where the concentration of possible lower energy
acceptors is smaller. The shift in the emission maximum from the absorption maximum
and the emission linewidth vs. the interaction volume are plotted in figs. 2 and 3, re-

spectively. From the absorption and emission spectra of a system, one can find o]

n, the number of sites within the 1hteraction volume, from the energy difference
of the absorption and emission maximum using fig. 2. Similarly, one can also
determine n using the emission linewidth and fig., 3. Knowing n, one can iﬁfér
the microscopic energy transfer parameters in equations 1 and 2 from equations 3

and 4 assuming a particular coupling mechénism and dimensionality.

Absorption and emission spectra of BCN

The absorption and emission spectra of the Tl - S0 transition of BCN at
4.2 K are shown in fig. 4. The spectra were recorded in a similar manner to, and
are in agreement with, those reported in ref. 5. The absorption spectrum was fit
with a Gaussian profile centered at 20284 cm,-1 and with I' = 32 cm-l. The calculated

trapped emission spectrum shown in fig., 4 is that for n = 365 sites and is found
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to be in good agreement with the observed spectrum. We now discuss this inter-
action volume in terms of the different energy transfer mechanisms which might
be expected to be important for BCN.

The naphthalene skeleton of the different BCN molecules are stacked along
a one dimensional array7, similar to the 1,4-dibromonaphthalene (DBN) crystal
for which the triplet exciton dynamics are found to be one dimensional and to

occur through exchange coupling with a nearest neighbor interaction, B, of

8
7.4 cm_l. The 365 sites contained in the interaction volume would yield an in-

teraction radius, RO’ of 182 for a one dimensional interaction. Using R =
7.4 cm-l, Ro = 182, and o= 20 msec9 for BCN one obtains from equ. 3(b) a
value for yd for direct 1fD exchange of 0.1. Exchange interactions are usually
of shorter range, i.e. yd>> 1, with yd = 5 being typical for many aromatic
systems.lo At these relatively large donor-acceptor distances, superexchange,
rather than the exchange, mechanism is expected to be dominant for the BCN
system. For the superexchange mechanism the rate of energy transfer at a distance
(N+1)d. is given by 1

W(R)> & exp (N1a(B/AE)) | )
where AE is the separation between host and guest singlet-triplet transition
energies. For BCN one can assume that AE in this disordered system is given by
‘the energy separation between the absorption and emission maxima. Using

1 and N = 181 one finds 8% 66 cm L. This value of B is about an

AE = 76 cm
order of magnitude larger than the value determined for DBN.8 This could be

due to: a) the assumption used for AE, b) one dimensional superexchange mechanism
is not dominant, ¢) equation (7) is not the correct one to use for a system in
which AE is also a disorder parameter. This makes the transfer time between

a particular donor-acceptor pair dependent not only on the donor-acceptor separa-

tion but also on the random energy barriers due to intervening molecules

.
tndudad

s |

N b DO

Y

PO by IO

M)
Zoa

-
T
Zoog

-y
&

R TR

L )

.7
’

PRAPL PN

-
I A

AT |




 pher Mo e e asaie aeortao-v = TR PUL el BRREPOL BSOS SR S L
L]
A -
L]

of higher triplet emergy levels. A detailed theoretical development of this

important problem is needed. ;

We now consider possible three dimensional interactions. At low acceptor

concentrations, which is the case for the region of observed emission in BCN

(see fig. 4), energy transfer by weaker but more isotropic interactions may

become important.12 From n = 365 one obtains R0 = 4.5 for a three dimensional
interaction. For direct exchange in three dimensions, using B < 7.4 - 1. an

e et inimiei WA

upper limit for the isotropic exchange interaction, one obtains yd < 7 using

equ. 3(b). For superexchange in three dimensions using an effectiv ‘T = 76 cm-1
and equ. 7 one obtains an isotropic B = 0.6 cm-l. We also conside: e isotropic ’
dipole~dipole mechanism here. Using R0 = 4.5 and equ. 3(a) one obt g a value

for the nearest neighbor dipolar transfer time T = 2.6 psec.

We have analyzed the emission spectrum of BCN in terms of one dimensional

SR G APy

exchange-type interactions, as observed for the triplet exciton in the analogous

DBN system, and possible three-dimensional interactions. The results suggest that K
the energy transfer at low concentrations in this system is three dimensional or that %
the approximate analysis of one-dimensional energy transfer in this system is inadequate. i
We could not, hoﬁever, distinguish betwe>n three-dimensional exchange-type and dipole-~ ;

dipole interactions. In this respect, we note that recent time resolved phosphorescence b
line narrowing studies of the Tl - So transition of BCN in the low energy region where
the BCN phosphorescence is observed indicate that the energy transfer is of a three-

dimensional dipole-dipole nature.9 "From the data in ref. 9, a value of t for dipolar k

coupling on the order of 1 usec is obtained, in good agreement with the value of

2.6 usec obtained here from the absorption and emission spectra.

Conclusions
In this letter we have presented a simple, but quite general, model explaining the

observed emission profile from energy trapping sites in inhomogeneously broadened systems,




.....

References

1) P. Avouris, A. Campion and M.A. El-Sayed, Chem. Phys. Lett. 50, 9 (1977).
2) M.J. Weber, J.A. Paissner, S.S. Sassman, W.M. Yen, L.A. Riseberg and
C. Brecher, J. Lumin. 12/13, 729 (1976).
3) D.L. Huber, D.S. Hamilton and B. Barnett, Phys. Rev. B 16, 4642 (1977).
4) P.N. Prasad, J.R. Morgan and M.A. El-Sayed, J. Phys. Chem. 85, 3569 (1981).

5) J.C. Bellows and P.N. Prasad, J. Phys. Chem. 86, 328 (1982).

6) D.L. Dexter, J. Chem. Phys. 21, 836 (1953).

7) J.€. Bellows, E.D. Stevens and P.N. Prasad, Acta Crystallogr. 1334 (1978).

r
8) R.M. Hochstrasser and J.D. Whiteman, J. Chem. Phys. 56, 5945 (1972). ,'f
.
9) M.A. El Sayed and J.R. Morgan, to be submitted. i
:
10) A. Blumen and R. Silbey, J. Chem. Phys. 70, 3707 (1979). rjf
11) G.G. Nieman and G.W. Robinson, J. Chem. Phys. 37, 2150 (1962). @
12) J. Klafter and R. Silbey, J. Chem. Phys. 72, 849 (1980).
r
1
-.:1
v
O
-
v
o
.:




s e it L i ~aiir- i A i Al

pee o n e dine- i ol A T e 1*

P NN

iﬁ Fig. 1. The emission profile I (v) for a Gaussian absorption profile in a A
ii i single component crystal with an energy transfer interaction volume Ei
i ' of n sites. Plotted from right to left are the Gaussian absorption E
32 profile and the emission profiles for n = 101, 102, 103, and 10° 3

sites respectively. The emission profile is found to shift to

.

lower energy and to narrow in width with increasing n.
Fig. 2. The shift in the guest emission maximum from the absorption maximum
normalized by the Gaussian absorption width T (hwhm) vs. the

interaction volume n. From bottom to top, these curves are for guest

ORI RSN

mole fractions p = 1.0, 0.5, 0.2 and 0.1 respectively.
Fig. 3 The guest emission linewidth (fwhm) normalized by I' vs. the inter-
action volume n. From bottom to top, these curves are for guest mole

fractions p = 1.0, 0.5, 0.2 and 0.1 respectively.

Fig. 4. The emission and absorption spectra of the Tl - So transition of

1-bromo,4~chloronaphthalene (BCN) at 4.2 K. The observed absorp-

tion profile of the zero phonon line of the 0,0 band is fitted to a

Gaussian centered at 20284 cm-1 with I = 32 cm-1 (solid 1line). The

“
-l
.

observed narrowed emission profile centered at 20208 cm"1 along with

the calculated emission lineshape (solid line) using eq. 5 with n = 365 fi
'_.
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